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of restricted interests and repetitive behaviors (Diagnostic and Statistical Manual of Mental Disorders, fifth edition ), 2 which are not readily present in the first 2 years of life. Behavioral symptoms at the first year of life are not specific to ASD, [3] [4] [5] and the symptoms that are diagnostic of ASD gradually unfold in the second year of life. [4] [5] [6] The lack of early behavioral markers is a critical unmet challenge because early detection allows for early intervention, which is effective in decreasing impairments 7 and results in more positive long-term outcomes for the child. 8, 9 Given that the diagnostic behavioral features are not present until 2 years of age or later, how do we identify earlier markers of ASD? The solution is the advent of the "infant sibling" study design. This study design leverages the recurrence risk in siblings 10 of about 20%: if an older sibling is already diagnosed with ASD, a subsequent younger sibling has a 15-to-20-fold greater risk of developing the condition than the general population. In addition, 20% to 30% of the remaining younger siblings who do not develop ASD will develop other developmental delays or psychiatric outcomes. [11] [12] [13] Infant sibling studies longitudinally follow the younger "highrisk" (HR) siblings starting in infancy until the age when ASD can be reliably diagnosed. Here, we refer to such HR siblings who develop ASD as HR-ASD, and those who do not as HR-negative. In infant sibling studies, HR-ASD infants are compared with HR-negative infants and "low-risk" control infants with no family history of ASD or psychiatric disorders (LR-negative). Behavior assessments are conducted at regular intervals throughout infancy (eg, 6-12-24 months). At least one study, the Infant Brain Imaging Study (IBIS) Network, collects longitudinal magnetic resonance imaging (MRI) throughout the infant interval, whereas other studies collect electroencephalogram (EEG) and other electrophysiological measures. Thus, the infant sibling study paradigm offers an efficient strategy for prospectively studying the earliest behavioral and neural features of autism, before diagnosis. The ultimate goal is to detect early behavioral and biological markers of ASD before behavioral diagnosis is currently possible.
Early behavioral signs
The extant literature of infant sibling studies of autism indicates that diagnostic symptoms, such as social behavior, are normal at 6 months of age and unfold and emerge over the first 2 to 3 years of life. 4 To date, studies of HR infants have not identified differences in the diagnostic symptoms of autism at 6 months in infants who ultimately receive an ASD diagnosis. [3] [4] [5] Even symptoms that are exhibited in the first year of life are not specific to autism and thus do not differentiate infants who will develop ASD from those with other developmental delays.
14 By 12 months of age, repetitive behaviors associated with ASD are present in infants who later meet criteria for ASD. [15] [16] [17] Thus, symptoms more fully diagnostic of autism appear to develop gradually between 12 and 24 months. [4] [5] [6] However, differences in other developmental areas have been reported in the first year of life, such as motor skills, 18, 19 visual reception, 18 language, 20 and eye gaze patterns of social scenes and faces. [21] [22] [23] Deficits in fine and gross motor skills at 6 months of age in HR-ASD infants 18 suggest that motor development in the first year of life may have a role in the development of autism. 18, 19 Coupled with the presence of increased motor stereotypies in HR-ASD infants at 12 months of age, 15 this points to abnormal development of motor systems between 6 and 12 months of age. In addition, diminished language skills have been reported as early as 12 months of age, followed by atypical receptive-expressive language profiles at 24 months. 20 Behavioral signs in the first 2 years of life have been insufficient to accurately predict a later autism diagnosis. At 12 months, parental concerns predicted ASD diagnosis with a positive predictive value (PPV) of 58%. 24 At 18 months, behavioral profiles predicted ASD diagnosis with a PPV of 50%. 25 Even in a large community sample of toddlers 16 to 23 months old, the Modified Checklist for Autism in Toddlers 26 -a parent-report questionnaire used as a screening tool for ASD in toddlers-had a PPV of 28%. 27, 28 Taken together, behavioral research indicates that the defining diagnostic features of autism are not present at 6 months of age, but begin to unfold in the second year of life and consolidate between 18 and 36 months. Although early behavioral markers alone are not sufficiently sensitive or specific to predict later autism diagnosis, the presence of early behavioral differences suggest that the emergence of behavioral features may be preceded by aberrant development of neural features.
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Early biological signs

Structural neuroimaging studies of ASD in infancy
One of the most consistent findings from early studies of brain development in ASD has been that head size is normal at birth, but by 2 to 3 years of age, brain size is significantly enlarged. For example, a retrospective head circumference and prospective brain imaging study found indirect evidence that brain enlargement was not present at birth but emerged at the end of the first and second year of life. 29 This finding of brain enlargement at 2 to 3 years of age has been confirmed by other studies [30] [31] [32] [33] ; however, until recently, there was a dearth of studies directly measuring brain development in the infant period, between birth and toddlerhood. The first direct MRI evidence of brain enlargement in infancy was reported for a sample of 55 infants (10 of whom developed ASD) who were longitudinally imaged between 6 and 24 months of age. 34 The HR-ASD group had significantly faster growth trajectories of total brain volume, such that by 12 to 24 months of age, the group had larger brain volumes on average. This was the first study to prospectively measure brain volume during infancy in ASD; however, the sample size was relatively small and thus did not attempt to tease apart individual growth trajectories. 34 A significant advance on elucidating the early brain development of ASD was achieved by a recently published study by the IBIS Network. 35 In this study, the individual trajectories of 15 HR-ASD infants were followed with three serial MRI scans at 6, 12, and 24 months of age. In addition to measuring total brain volume, this study also decomposed brain volume into precise anatomical measures of cortical surface area and cortical thickness, which both contribute to overall brain volume but are controlled by distinct genetic mechanisms. 36 The rationale for decomposing brain volume into surface area and cortical thickness is further underscored by previous evidence in toddlers with ASD that showed that increased brain volume was associated with an increase in cortical surface area but not cortical thickness, 29 a finding that was confirmed in a separate sample. 37 The IBIS study 35 reported that HR-ASD infants had an increased rate of surface area expansion from 6 to 12 months, followed by an increased growth rate of total brain volume from 12 to 24 months, in comparison with both the HR-negative and LR groups. No group differences in cortical thickness were observed across the 6-to 24-month interval. In addition, there were specific brain-behavior relationships with temporal specificity: higher growth rates of brain volume between 12 and 24 months (but not between 6 and 12 months) were associated with greater autism severity scores in the social domain at 24 months (but not in the repetitive behavior domain). By virtue of following each infant longitudinally, and generating precise measures of cortical surface area, this study was able to generate a machine-learning algorithm that relied primarily on measures of cortical surface area growth between 6 and 12 months of age to predict on an individual basis an ASD diagnosis at 24 months. This algorithm correctly predicted subsequent ASD diagnosis with a sensitivity of 88%, specificity of 95%, and PPV of 81%. The findings of this study emphasized the importance of moving beyond group-level differences toward individual-level prediction and indicated that brain differences are present at 6 to 12 months of age, before the onset of the defining behavioral features of autism described above.
Two recent studies have detected another brain anomaly in the first year of life in infants who are subsequently diagnosed with ASD. In the first study, 34 infants who later developed ASD (HR-ASD; n=10) had an excessive amount of cerebrospinal fluid (CSF) in the subarachnoid space surrounding the cortical surface of the brain (ie, "extra-axial CSF"). The amount of extra-axial CSF (EA-CSF) at 6 months of age preceded the onset of autistic symptoms and was predictive of both their later autism diagnosis and severity of autism symptoms at 3 years of age. These findings were recently replicated in a larger, independent cohort of infants in the IBIS Network (N=343, of which n=47 were HR-ASD). 38 In this second study, infants who later developed ASD had 18% more EA-CSF at 6 months than the control groups (HR-negative and LR groups). EA-CSF volume remained persistently elevated through 24 months of age, relative to controls. Infants in who were later diagnosed with the most severe autism symptoms had a more pronounced increase of EA-CSF-nearly 25% greater EA-CSF at 6 months than the controls. 38 In addition, excessive EA-CSF at 6 months was associated with early motor deficits in the first year of life, suggesting that increased EA-CSF may affect motor develop-S t a t e o f t h e a r t ment during the prodromal period in autism, before behavioral diagnostic signs of ASD typically arise. Finally, a fully cross-validated machine-learning algorithm relying on the amount of EA-CSF at 6 months predicted later ASD diagnosis at 24 months with 66% sensitivity and 68% specificity. 38 This prediction algorithm was then externally validated in the 2013 sample 34 (in order to test the algorithm on an independent data set), which yielded 80% sensitivity and 67% specificity in predicting an ASD diagnosis at 24 months on the basis of EA-CSF volume at 6 months. 38 Thus, although these prediction metrics are not yet strong enough to be clinically useful as a single stand-alone marker to predict individual outcomes, the replication and reliability of the findings between the two independent data sets 34, 38 indicates that increased EA-CSF at 6 months could be a potential early stratification marker of a biologically based, etiologically homogenous subtype of ASD.
Taken together, these studies show that HR-ASD infants have elevated levels of EA-CSF at 6 months, 34, 38 increased growth rate of the cortical surface between 6 and 12 months, 35 and total brain volume overgrowth between 12 and 24 months of age. 35 Thus, brain changes are present during the prodromal period in ASD before diagnosis and precede (or coincide with) behavioral differences. At 6 months of age, brain size is normal, but there is an excessive amount of EA-CSF. 34, 38 This is a time when the first behavioral alterations start becoming detectable, including motor delays. 5, 18, 28 Indeed, excessive EA-CSF at 6 months was found to be associated with early motor deficits at 6 months. 38 Between 6 and 12 months of age, there is rapid expansion of cortical surface area, 35 which is concurrent with the onset of sensory and attention problems, such as deficits in visual reception 18 and orienting to salient social cues in the environment. 39 Interestingly, hyperexpansion of surface area between 6 and 12 months was observed in cortical areas associated with sensorimotor processing. 35 Between 12 and 24 months, there is an increased growth rate of total brain volume, 34, 35 which is concurrent with the emergence of social deficits. 4 Indeed, the rate of brain volume growth between 12 and 24 months was associated with autism-specific social deficits. 35 Thus, early changes in brain development coincide with the age when early sensorimotor and visual orienting differences emerge, which may have downstream effects on later social development and the consolidation of behaviors that are diagnostic of ASD.
How might increased EA-CSF in infancy and early brain overgrowth be related? Is it possible that accumulation of stagnant CSF over the surface of the brain influences cortical brain development? CSF has many important functions, including the removal of potentially harmful byproducts of brain metabolism, such as β-amyloid and tau. 40, 41 Stagnation of CSF leads to the accumulation of waste byproducts and neuromodulators in brain tissue that may alter the extracellular environment of neurons and impact their function. 42, 43 CSF also serves as a means of transporting important cytokines, growth factors, and other signaling molecules, such as insulin-like growth factor (IGF1 and IGF2), which are required for the normal development of the neocortex. 40, [44] [45] [46] An imbalance of CSF production and absorption alters the concentration of these factors and could lead to serious consequences on cortical development. 47 For example, stagnation of CSF flow in animal models leads to an alteration of neurogenesis and premature migration of progenitor cells. 47 Indeed, there is evidence that the composition of CSF drawn from the subarachnoid space in infants with increased EA-CSF has a higher protein concentration than CSF drawn from the ventricles or spinal column, 48 and CSF in normal infants. 49 Of course, in the context of a research study, it would be too invasive to draw CSF from the brain in children with ASD. Future studies are needed to test the hypothesis that stagnant or elevated EA-CSF has a different composition of trophic growth factors (IGF1, IGF2) and neuroinflammatory proteins (β-amyloid, tau).
40,44-46
White matter brain connectivity
On the basis of diffusion tensor imaging (DTI) tractography, HR-ASD infants have been reported to have abnormalities in white matter (WM) organizational structure as early as 6 months of age in multiple fiber tracts across the brain. 50, 51 Aberrant WM integrity has been observed by 6 months in the genu of the corpus callosum, 51 and WM integrity in the genu and cerebellar peduncles is significantly associated with abnormal sensory responsiveness at 24 months, a clinical domain particularly affected in individuals with ASD. 52 These reports of reduced WM organization in HR-AD infants are consistent with studies of toddlers with ASD.
53,54
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Functional brain differences in infancy
Functional connectivity MRI (fcMRI) is another type of MRI scan that can be acquired in infants during natural sleep to characterize functional brain connectivity. In a prospective study of 59 HR infants, a recent IBIS study found that fcMRI at 6 months could accurately identify which infants would receive an ASD diagnosis at 24 months. 55 First, functional connections at 6 months were identified on the basis of their association with ASD-related behaviors at 24 months (ie, scores on social behavior, language, motor development, and repetitive behavior). Then, a machine-learning prediction algorithm was conducted on these functional connections, utilizing a fully cross-validated scheme (ie, subjects who were tested in the "leave-N-out" folds of the classifier were then left out of the feature identification and reduction procedures to avoid contaminating the testing with the training information). The prediction algorithm using fcMRI data from 6-month-olds achieved 100% PPV, 82% sensitivity (correctly predicting 9 of the 11 infants who received an ASD diagnosis at 24 months), and 100% specificity (correctly predicting 48 of 48 infants who were negative for ASD at 24 months of age). 55 This study provided the first evidence that functional neuroimaging in 6-month-old infants could accurately predict which individuals would receive a diagnosis of ASD at 24 months of age.
These recent fcMRI results, coupled with electrophysiological evidence for differences in EEG and event-related potential (ERP) response, 56, 57 add to the increasing evidence that there are alterations in both brain function and brain structure (as described above) that are present in the first year of life in infants who later received an ASD diagnosis.
Conclusions and future directions
Infant sibling studies have shown that ASD-specific behaviors emerge in the latter part of the first and during the second year of life, 4 with diagnosis typically occurring around 4 years of age.
1 Before 12 months of age, behavioral differences between those who develop ASD vs those who do not, have only been identified at the group-average level (eg, see Estes et al 18 ). Behavioral markers in the first year of life have not been shown to be sensitive or specific enough at the individual level for clinically useful prediction of later ASD diagnosis.
Thus, it is current practice in child psychiatry to not initiate treatment until after behavioral diagnosis of ASD. However, there are recent data that indicate that earlier behavioral intervention for autism is more effective than later treatment. [58] [59] [60] [61] Thus, there is a need for both early and biologically derived markers for ASD in infancy to reliably detect which children need treatment, what type of treatment, and when to initiate treatment.
The potential for an early biological marker for ASD
The promise of a biological marker for ASD is a lofty and elusive goal, and the benchmarks for success are justifiably high. The US National Institutes of Health (NIH) working group established the definition of a biological marker as "a characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacological responses to therapeutic intervention" (NIH Biomarkers Definitions Working Group, 62 2001). Biological markers should have valuable applications, which may include the following (see ref 62, p 91):
• "Use as a diagnostic tool for the identification of those patients with a disease or abnormal condition" • "Use as a tool for staging of disease…or classification of the extent of disease" • "Use as an indicator of disease prognosis" • "Use for prediction and monitoring of clinical response to an intervention." We have made considerable progress in pursuing these benchmarks for autism, particularly in the following areas (see Figure 1 ):
• Early markers to predict ASD. The first year of life is a period of tremendous neural plasticity, as the brain doubles in size from birth to 1 year. 63 Thus, it is not surprising that intervention during this time has been shown to produce better outcomes for children with ASD. This underscores the critical need for early predictive markers for early detection of autism. In the last year alone, two studies have shown predictive accuracy (PPV over 80%) that holds promise for early prediction of autism. 35, 55 • Age-specific treatment windows. Longitudinal studies of infants who develop autism have identified specific brain changes during specific time periods (eg, cortical surface area expansion from 6 to 12 months 35 ), which may point to specific windows of ; (B) Increased volume of extra-axial CSF at 6 months of age (ie, CSF in the subarachnoid space; colored in red) is associated with autism diagnosis, early motor deficits, and later autism severity 34, 38 ; (C) Aberrant white matter connectivity (fractional anisotropy in the genu of the corpus callosum) is present at 6 months of age and is predictive of the severity of repetitive behaviors and sensory responsiveness at the time of diagnosis [50] [51] [52] ; (D) Altered functional connectivity at 6 months of age predicts an eventual autism diagnosis. 55 These neural features are concurrent with early behavioral signs in the first year of life, followed by the unfolding of diagnostic symptoms in the second year of life, and the consolidation of behavioral symptoms that are fully diagnostic of autism. CSF, cerebrospinal fluid; WM, white matter. opportunity for treatment when the brain is most plastic and malleable to treatment.
• Stratification markers to address heterogeneity.
There is tremendous phenotypic heterogeneity in ASD, which has hampered efforts toward targeted treatments. Parsing the heterogeneity in ASD and identifying biological subtypes have become major initiatives in child psychiatry, as evidenced by the strategic objectives of the US National Institute of Mental Health. 64 Thus, there is a need for stratification biomarkers that can separate children into subtypes that share a common pathophysiology (eg, increased EA-CSF 34, 38 ). Such stratification biomarkers have the potential to carve up the etiological heterogeneity and map on to specific, mechanistically targeted treatments.
Clinical and ethical implications of early detection
The potential for presymptomatic detection of ASD in infancy has important clinical, ethical, and social implications that warrant consideration. First, it is unlikely that neuroimaging in infancy will replace expert clinical diagnosis, but rather that objective quantifiable biological markers (eg, measures generated from infant brain scans) may serve as an additional screening tool for clinicians to flag infants at very high risk for developing autism.
Second, although the studies reviewed herein have shown that it is possible for brain features at 6 to 12 months of age to predict ASD diagnosis at 24 months, there is ample research demonstrating that some ASD children will not fully manifest the diagnostic features of ASD until later in childhood. [65] [66] [67] Thus, the studies to date on early prediction of autism have not attempted to detect all children who might later receive a diagnosis of autism, but those who receive an autism diagnosis at the typical age of diagnosis. For this reason, the focus of early prediction should be on positive predictive value (PPV: the probability that a positive test will identify children with a high likelihood of developing the disorder) and not on negative predictive value (NPV: the probability that a negative test will rule out children with a low likelihood of developing the disorder). In other words, an early predictor with high PPV could appropriately flag a child who is likely to develop ASD, and then route them to early treatment; whereas an early predictor with high NPV could not confidently rule out the possibility that the child will eventually develop ASD later in childhood, because a negative test in this case would inappropriately give parents a false sense of security.
Lastly, careful consideration must be devoted to the parental and societal effects of a positive predictive result. Studies of predictive testing and early detection in other conditions have suggested there are potential benefits to families and society. For example, predictive testing or presymptomatic screening has been shown to improve family coping. 68 Furthermore, most studies of predictive genetic testing show limited or no adverse psychological impact after a positive result. [69] [70] [71] [72] Similarly, most studies of newborn screening report minimal psychological distress for parents after early diagnosis. 68, 73, 74 However, there are still concerns about the psychological impact on parents who receive results from pediatric predictive testing, 75 and additional research should be focused on identifying and assisting those parents who may be more vulnerable to adverse outcomes after receiving results. 74, 76 Furthermore, additional research and supports need to address the challenge of managing the child's condition, 73 impact on family dynamics, 77 potential for discrimination and stigma, 78 and ever-changing societal perceptions. 79 Although considerable work lies ahead of the autism field, the development and validation of biomarkers for ASD will help move the field of psychiatry toward its aspiration of precision medicine, 80 in order to determine the best treatment, at the optimal time, for specific subtypes. The goal might be to combine biomarkers with existing clinical expertise in behavioral assessments to detect autism earlier and more reliably, with the goal to improve the long-term outcomes for children affected by autism. o Acknowledgments/Conflict of Interest: MDS is supported by a US National Institutes of Health (NIH) career development award (K12-HD001441). The coauthors' research and the Infant Brain Imaging Study (IBIS) Network are supported by grants from the US National Institutes of Health (R01-HD055741, R01-HD05571-S1, R01-HD059854, T32-HD040127, U54HD086984), Autism Speaks, and the Simons Foundation (#140209). All coauthors report no financial interests or potential conflicts of interest. 
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